Abstract Dilated cardiomyopathy (DCM), the third most common cause of heart failure, is often associated with arrhythmias and sudden cardiac death if not controlled. The majority of DCM is of unknown etiology. Protein sialylation is altered in human DCM, with responsible mechanisms not yet described. Here we sought to investigate the impact of clinically relevant changes in sialylation on cardiac function using a novel model for altered glycoprotein sialylation that leads to DCM and to chronic stress-induced heart failure (HF), deletion of the sialyltransferase, ST3Gal4. We previously reported that 12-to 20-week-old ST3Gal4 -/-mice showed aberrant cardiac voltage-gated ion channel sialylation and gating that contribute to a pro-arrhythmogenic phenotype. Here, echocardiography supported by histology revealed modest dilated and thinner-walled left ventricles without increased fibrosis in ST3Gal4 -/-mice starting at 1 year of age. Cardiac calcineurin expression in younger (16-20 weeks old) ST3Gal4 -/-hearts was significantly reduced compared to WT. Transverse aortic constriction (TAC) was used as a chronic stressor on the younger mice to determine whether the ability to compensate against a pathologic insult is compromised in the ST3Gal4 -/-heart, as suggested by previous reports describing the functional implications of reduced cardiac calcineurin levels. TAC'd ST3Gal4 -/-mice presented with significantly reduced systolic function and ventricular dilation that deteriorated into congestive HF within 6 weeks post-surgery, while constricted WT hearts remained well-adapted throughout (ejection fraction, ST3Gal4 -/-= 34 ± 5.2 %; WT = 53.8 ± 7.4 %; p \ 0.05). Thus, a novel, sialo-dependent model for DCM/HF is described in which clinically relevant reduced sialylation results in increased arrhythmogenicity and reduced cardiac calcineurin levels that precede cardiomyopathy and TAC-induced HF, suggesting a causal link among aberrant sialylation, chronic arrhythmia, reduced calcineurin levels, DCM in the absence of a pathologic stimulus, and stress-induced HF.
Abstract Dilated cardiomyopathy (DCM), the third most common cause of heart failure, is often associated with arrhythmias and sudden cardiac death if not controlled. The majority of DCM is of unknown etiology. Protein sialylation is altered in human DCM, with responsible mechanisms not yet described. Here we sought to investigate the impact of clinically relevant changes in sialylation on cardiac function using a novel model for altered glycoprotein sialylation that leads to DCM and to chronic stress-induced heart failure (HF), deletion of the sialyltransferase, ST3Gal4. We previously reported that 12-to 20-week-old ST3Gal4 -/-mice showed aberrant cardiac voltage-gated ion channel sialylation and gating that contribute to a pro-arrhythmogenic phenotype. Here, echocardiography supported by histology revealed modest dilated and thinner-walled left ventricles without increased fibrosis in ST3Gal4 -/-mice starting at 1 year of age. Cardiac calcineurin expression in younger (16) (17) (18) (19) (20) weeks old) ST3Gal4 -/-hearts was significantly reduced compared to WT. Transverse aortic constriction (TAC) was used as a chronic stressor on the younger mice to determine whether the ability to compensate against a pathologic insult is compromised in the ST3Gal4 -/-heart, as suggested by previous reports describing the functional implications of reduced cardiac calcineurin levels. TAC'd ST3Gal4 -/-mice presented with significantly reduced
Introduction
Heart failure (HF) affects more than 23 million people worldwide [12] , with dilated cardiomyopathy (DCM) the third most common cause of HF. The European Society of Cardiology defines DCM as, ''left ventricular dilation and systolic dysfunction in the absence of abnormal loading conditions or coronary artery disease sufficient to cause global systolic impairment; the right ventricle can also be involved'' [21] . Potential causes for DCM include gene mutation, infection (viral myocarditis, Chagas disease), alcoholism, cardiotoxic agents, endocrine dysfunction and nutritional deficiencies. Approximately 25 % of DCM is reported as familial due to different gene mutations. However, approximately 70 % of DCM is considered idiopathic, of unknown etiology and mechanism [22] .
Glycosylation is a common co/posttranslational modification in mammalian cells [49] that is essential for protein function such as promoting proper folding, targeting proteins to the correct cellular compartments, contributing to ligand recognition processes, as well as modulating receptor and ion channel functions [17, 49] . Sialic acid, typically the terminal carbohydrate residue attached to Nand O-glycans, is a unique monosaccharide that carries a negative charge at physiologic pH and participates in a variety of cellular functions [17] . Previously, we and others showed that sialic acid, likely through an electrostatic effect, modulates voltage-sensitive ion channel gating through direct, isoform-specific mechanisms [3, 4, 17, 34, 35, 45, 53, 56, 60] .
Several DCM risk factors, including smoking, alcohol abuse, obesity, and diabetes, cause changes in protein glycosylation, and data show glycosylation is altered in DCM [2, 33, 36, 64, 69] . Indeed, patients with congenital disorders of glycosylation (CDG) often present with idiopathic cardiac deficits including cardiomyopathy with related arrhythmias [1, 14, 23, 27, 38] . In nearly all of these instances, protein sialylation is altered. Relevant examples in human DCM include measurement of reduced mRNA levels of the CMP sialic acid transporter and a putative sialyltransferase. However, mechanisms by which clinically relevant altered sialylation contribute to DCM have not been described, and there is currently no model available to investigate these mechanisms. Thus, here, gene deletion of the b-galactoside a2,3-sialyltransferase, ST3Gal4, was used as a model for altered cardiac co/posttranslational protein sialylation that leads to a modest DCM in older animals and to chronic stress-induced HF in younger animals. The ST3Gal4 gene product transfers sialic acids preferentially to N-glycoproteins [57] , and ST3Gal4 is uniformly expressed in tissues and organs throughout all developmental stages, including development of the mouse heart [20, 37] . Deletion of ST3Gal4 should produce a modest reduction in protein sialylation consistent with that observed in human DCM, thus rendering the ST3Gal4 -/-mouse as a model for clinically relevant reductions in protein sialylation. The ST3Gal4 -/-model used here was previously characterized by us and others, with data showing that gene deletion of ST3Gal4 (ST3Gal4 -/-) leads to reduced von Willebrand factor and platelet counts, prolonged bleeding time, reduced L-selectin binding and L-selectin-dependent leukocyte rolling with increased terminal galactose residue exposure, as well as reductions in cardiomyocyte voltage-gated ion channel sialylation that directly alter channel gating [18] [19] [20] 55] .
Here using the ST3Gal4 -/-mouse model, we provide a potential mechanistic link among aberrant sialylation, altered electrical signaling, calcineurin levels, and cardiomyopathy. Previously, in younger ST3Gal4
-/-mice, we
showed that reductions in voltage-gated Na ? channel (Na V ) and K ? channel (K V ) sialylation resulted in direct alterations in Na V and K V gating, reduced cellular/ventricular refractory periods, action potential (AP)/ECG QT segment prolongations, and arrhythmogenic activities [18, 19] . Here, we also found in similarly aged ST3Gal4 -/-hearts, reduced expression of the Ca 2? -dependent pro-hypertrophic protein, calcineurin. We go on to show in these same ST3Gal4
-/-mice, that the partial reduction of a2,3-sialylation is sufficient to induce DCM in older mice and chronic stress-induced HF in younger mice. This initial characterization of the ST3Gal4 -/-strain supports its viability as a model for arrhythmic DCM/HF, showing that clinically relevant reduced sialylation causes aberrant cardiac electrical signaling and reduced cardiac calcineurin expression that precede ventricular dilation and stress-induced HF, suggesting a causal link among aberrant sialylation, chronic arrhythmia, reduced calcineurin expression, DCM and stress-induced HF.
Methods
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985) and was approved by the University of South Florida Animal Care and Use Committee.
Generation of ST3Gal4 null mice

ST3Gal4
-/-mice were generated by breeding within the ST3Gal4 -/? strain as previously described [18] [19] [20] . The ST3Gal4 -/? mouse strain was generously provided by Dr. Jamey Marth. Genotyping was performed using standard methods as previously described [19] . Male ST3Gal4 -/-and WT littermates that have the same genetic background, were used throughout this study.
Transthoracic echocardiography
Transthoracic echocardiography was performed on Vevo770 system (VisualSonics) using 30 MHz-25 MHz transducers. Cardiac function was measured using previously published procedures [51, 62] . Briefly, mice were lightly anesthetized with 1-1.5 % isoflurane and maintained 37°C body temperature. 2-D mode in parasternal long axis and the parasternal short axis at the mid-papillary muscle level were imaged. From this parasternal short axis view, the 2-D guided M-mode across the anterior and posterior wall were recorded. Left ventricular (LV) anterior wall thickness at diastole and systole (LVAW;d and LVAW;s), LV internal dimension at diastole and systole (LVID;d and LVID;s), LV posterior wall thickness at diastole and systole (LVPW;d and LVPW;s), LVMass, and other parameters were measured blindly from three consecutive cardiac cycles using the leading edge method according to the guidelines of the American Society of Echocardiography. Ejection fraction (EF %), fractional shortening (FS %), LV Mass Index, cardiac output (CO), stroke volume (SV), end-diastolic volume (EDV), endsystolic volume (ESV) were calculated. The following formulas were used to calculate EF % and FS %:
Â 100 % [62] . Successful transverse aortic constriction (TAC) was confirmed in 2-D mode of aortic view first. Trans-constriction peak velocity (V, mm/s) was then assessed using pulsed-wave Doppler with the angle adjusted in line with the direction of the blood flow (generally 0°-20°) (Fig. 4b-c) . The aortic peak pressure gradient of aortic constriction (AoPg, mmHg) was calculated using the modified Bernoulli equation: AoPg = 4 V 2 [62] .
Anatomical and histological analyses
Mice were heparinized and terminally anesthetized in 5 % isoflurane. The whole heart, left ventricle, right ventricle, left atria, right atria, lungs, liver and tibia were removed, rinsed, blotted dry and weighed for anatomical studies. For histological analysis, hearts were arrested in KCl solution first and fixed with 4 % buffered paraformaldehyde, followed by dehydration and paraffin embedding. Tissue sections with 5 lm thickness were prepared and stained with haematoxylin and eosin (H&E) (Thermo Scientific, MA) for morphological analysis or Masson's trichrome (Sigma-Aldrich, MO) for collagen deposition.
Protein extraction and western blotting
Murine LV tissues were homogenized in radioimmunoprecipitation (RIPA) lysis buffer. Lysate protein concentrations were determined using the bicinchoninic acid (BCA) method (Thermo scientific, MA) and detected using a spectrophotometer. Protein extracts were reduced and denatured in Laemmli sample buffer, followed by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore, MA). Transferred blots were blocked with 5 % non-fat dry milk for non-specific bindings, probed with unconjugated primary antibodies against calcineurin A subunit (CnA, BD Pharmingen, CA) [58] and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Santa Cruz, CA), followed by the incubation with HRP conjugated secondary antibodies. Blots were then visualized using enhanced chemiluminescence (ECL, Thermo Scientific, MA) under ChemiDoc XRS? (Bio-Rad, CA). Signal density measurements were performed using Image Lab software version 5.2.1 (Bio-Rad, CA). GAPDH was used as the protein loading control.
Minimally invasive transverse aortic constriction (TAC)
16-to 20-week-old male WT and ST3Gal4 -/-mice were randomly assigned into sham and TAC'd groups. Baseline echocardiography was recorded 2 days before the surgery. Minimally invasive transverse aortic constriction (TAC) was performed as described previously to ensure minimal to no blood loss during surgery, and was successful in preventing any mortality among all cohorts throughout the 6-week experiment [32] . Briefly, mice were anesthetized with isoflurane (2 %)/O 2 , intubated with 20G intravenous catheter, mechanically ventilated and maintained 37°C body temperature. A partial left thoracotomy was created followed by thymus retraction. Ligation against a 26-G blunt needle at the level of the aortic arch between the origin of the right innominate artery and left common carotid artery was performed, followed by prompt needle removal. Sham-operated groups received surgery consisting of aortic exposure, but without aortic ligation. AoPg was recorded 1 week after TAC. Data include only TAC'd hearts with AoPg = 85 ± 5 mmHg to ensure consistent pressure overload between groups. Mice were observed for 6 weeks after TAC surgery, followed by euthanasia and tissue collection used for anatomical and histological measurements.
Lectin staining
To determine the relative levels of sialylation, the Erythrina cristagalli lectin (ECL, Vector Lab, CA) was used to probe murine left ventricular sections. ECL binds preferentially to terminal unsubstituted galactose b1,4 N-acetylglucosamine (Galb1,4GlcNAc) [68] . Biotinylated ECL with an avidin-biotin-fluorophore system was applied on paraformaldehyde-fixed paraffin-embedded WT and ST3Gal4 -/-cardiac tissues, as described previously [7, 8, 28, 47, 68] . Specifically, tissue sections were blocked for endogenous biotin (Streptavidin/Biotin blocking kit, Vector Lab, CA) and non-specific binding (Vector Lab, CA) before incubation with 1:200 biotinylated ECL for 2 h at room temperature. Tissue sections were then incubated 2 h at room temperature with 1:1000 Dylight TM 488 conjugated NeutrAvidin (Thermo Scientific, MA) followed by 4,6-diamidino-2-phenylindole (DAPI, Vector Lab, CA) counterstain. No positive staining was observed for the negative controls in which biotinylated lectin, Dylight 488 conjugated neutravidin or both were omitted. Multiple sections from each of two to three hearts per condition were studied, with the data showing staining for a given condition among slices consistent with that shown in Fig. 5 .
Statistical analysis
Data were presented as mean ± SEM. Parametric data were compared using two-tailed Student's t test, one-way ANOVA with TukeyHSD (homogeneity of variances), Games-Howell (heterogeneity of variances) post hoc tests, or two-way ANOVA using Bonferroni correction. Nonparametric data were compared using Mann-Whitney U test or Kruskal-Wallis one-way analysis of variance with Dunn's post hoc test using Bonferroni correction. Only p values \0.05 were considered significant. All statistical analyses were performed using SPSS software (IBM, NY).
Results
ST3Gal4
2/2 mice demonstrate progressively dilated and thinner-walled left ventricles
In agreement with previous studies, young ST3Gal4 -/-mice appear normal, fully fertile, active, and are produced in Mendelian ratios among heterozygous mating [20, 55] . By 18 months of age, there was no significant difference in body weight between male ST3Gal4 -/-and WT littermates, weighing 49.3 ± 1.7 g (n = 9) and 47.3 ± 1.4 g (n = 8), respectively.
In order to determine how sialylation modulates cardiac function in vivo, echocardiography was performed on the same set of animals at ages 6, 9, 12, and 18 months ( Fig. 1 ; Table 1 ). ST3Gal4 -/-mice (n = 9) demonstrated progressively enlarged EDV (Fig. 1a) , dilated LVID;d (Fig. 1b) , and thinner LVPW;d (Fig. 1c ) compared to WT littermates (n = 8), with each parameter reaching significant differences between WT and ST3Gal4 -/-mice by 18 months of age (p \ 0.05). While small reductions in ejection fraction were observed in ST3Gal4 -/-mice starting at 9 months of age, ST3Gal4
-/-systolic function was mostly preserved over the 18-month experiment. No significant differences were measured in LVMass between ST3Gal4 -/-and WT littermates (Fig. 1d) . No septal defect or great vessel abnormality was observed in either ST3Gal4 -/-or WT mice. The gradual cardiac dilation with mostly preserved systolic function suggested that an early-stage dilated cardiomyopathy (DCM) presented in older ST3Gal4
-/-mice. Consistent with echocardiography, H&E staining of 18-month-old ST3Gal4 -/-hearts demonstrated a much thinner LV free wall with all four cardiac chambers dilated, most obvious in left and right ventricles (Fig. 2) . No apparent defect in the septum, valves or great vessels was observed. No narrowing or obstruction of the coronary artery lumen was seen in the atrium, ventricle or myocardium, nor was there any apparent cell infiltration in WT or ST3Gal4 -/-hearts (Fig. 2c ). Masson's trichrome staining in ST3Gal4 -/-hearts did not detect any increase in fibrosis (Fig. 2e-f) . No statistical difference in heart weight, left ventricular weight, right ventricular weight and left atrial weight between ST3Gal4 -/-(n = 5) and WT littermates (n = 4) was found. Together, the echocardiographic data combined with the consistent histological and anatomical data suggest that older ST3Gal4 -/-mice manifest a modest dilated cardiomyopathy.
2/2 cardiac calcineurin levels were reduced in younger animals
As shown in Fig. 3 , a significant reduction in Ca 2? -activated calcineurin subunit A expression was measured in 16-to 20-week-old ST3Gal4 -/-hearts compared to WT hearts, suggesting that ST3Gal4 expression impacts Ca 2? -dependent transcriptional signaling prior to any indication of impaired contractile function or altered cardiac morphology. Together, the data suggest that ST3Gal4 gene deletion contributes to the early onset of arrhythmic activity [18, 19] and to reduced calcineurin levels.
Pressure overload induces rapid cardiac decompensation in younger ST3Gal4
2/2 mice Altered Ca 2? -dependent transcription signaling, and specifically a reduction in calcineurin levels, suggest that the ST3Gal4 -/-heart may not be as able to compensate against known pathologic stressors, as described previously [39, 66, 70] . Interestingly, we showed above that ST3Gal4 gene deletion contributes to the late-onset of a mild DCM, suggesting that the partial reduction in cardiac sialylation contributes to chronic cardiac dysfunction that slowly leads to altered cardiac structure and contractility. However, the mice were never exposed to chronic environmental or pathological cardiovascular insults such as smoking, alcohol abuse, hypertension, intense exercise, obesity, and/or chronic generalized stress, all of which are risk factors for DCM and HF to which humans are often exposed [22, 29] . Contractile reserve is an important predictor for disease prognosis, especially in asymptomatic patients, and has been defined as, ''…a difference between LV function at rest and under load'' [24, 50] . Thus, in order to determine whether the reduced calcineurin levels observed in younger ST3Gal4 -/-animals results in impaired myocardial contractile reserve, we used a chronic pressure-overload model for stress-induced heart failure, transverse aortic constriction (TAC) [61] .
16-to 20-week-old male ST3Gal4
-/-and WT mice were randomly and blindly assigned to sham-operated or TAC groups and observed for 6 weeks. At this age there was no indication of altered cardiac structure or reduced systolic function in any mouse (see Fig. 1 ). Baseline echocardiographic parameters measured before TAC showed no significant differences in cardiac function between WT (n = 7) and ST3Gal4 -/-(n = 12) mice (Table 2) . Aortic pressure gradients (AoPg) were measured at 1 week post-TAC to determine the degree of pressureload imposed by aortic constriction and confirmed that the two groups received similar treatment; the measured AoPg for TAC'd ST3Gal4 -/-and TAC'd WT being nearly identical (Fig. 4) .
ECL lectin staining was used to examine the cardiomyocyte sialylation level in ST3Gal4 -/-heart slices before and after TAC (Fig. 5) . ECL staining was much greater in ST3Gal4 -/-hearts compared to WT hearts, indicating that there are fewer sialic acid attached to ST3Gal4 -/-cardiac glycans. That is, ECL binding to the ST3Gal4 -/-tissue should increase because a greater number of galactose residues will be exposed as sialylation is reduced. The data also show that there was no apparent change in myocyte sialylation levels in WT or ST3Gal4 -/-hearts following TAC surgeries, suggesting that there is no inherent remodeling of sialylation in response to pressureoverload.
However, TAC'd ST3Gal4 -/-cardiac function declined rapidly, reaching significant differences (as compared to TAC'd WT) within 1 week post-surgery that continued to deteriorate throughout the observation period, resulting in the development of left congestive heart failure by the sixth week post-surgery ( Fig. 6 ; Table 2 hypertrophy (Fig. 7) . However, TAC'd ST3Gal4 -/-hearts presented only a limited increase in wall thickness, with progressive left ventricular dilation observed as thinner LVPW;d (Fig. 7b) , increased EDV (Fig. 7c) , and enlarged LVID;d (Fig. 7d) ; all parameters showed significant differences from TAC'd WT hearts starting 1 week postsurgery. No significant differences or changes were observed in LVPW;d, EDV and LVID;d of sham WT or sham ST3Gal4
-/-mice throughout the 6-week experiment. -/-and WT hearts was observed (using Masson's trichrome staining). Scale bar 0.5 mm in e and scale bar 50 lm in f. These experiments were repeated three times, with very similar results -/-hearts lack sufficient cardiac adaptation and, therefore, decompensate rapidly, deteriorating into left side heart failure under chronic stress conditions, while TAC'd WT heart function remained within the normal range throughout the 6-week period of chronic stress.
Discussion
Here, we report that the partial reduction of N-linked a2,3-sialylation achieved through ST3Gal4 gene deletion leads to the late-onset of a mild dilated cardiomyopathy (DCM) and the rapid development of stress-induced heart failure (HF) at a younger age. Thus, these data show for the first time that glycoprotein sialylation is relevant to cardiac adaptation and contractile function; we also report the first cardiac phenotype for ST3Gal4 -/-mice under stressed conditions.
The DCM symptoms progressed gradually and presented with thinner LV walls and dilation of all four chambers ( Figs. 1, 2 ; Tables 1), but with mostly preserved systolic function. The lack of increased fibrosis in ST3Gal4 -/-hearts ( Fig. 2) renders fibrosis-induced arrhythmogenesis or cardiac remodeling as unlikely mechanisms. However, under chronic stress conditions (pressure-overload), younger ST3Gal4 -/-mice demonstrated insufficient LV adaptation and rapid cardiac decompensation, presenting with significantly (compared to WT) reduced systolic function by the end of week 1 that deteriorated into HF by the end of week six post-surgery (Figs. 4, 6, 7 ; Table 2 ). In contrast to the negative impact of TAC surgery on the ST3Gal4 -/-heart, TAC'd WT hearts showed the classic characteristics of stress-induced adaptation, observed as substantial thickening of the LV wall, and relatively maintained LVID;d, EDV, and contractile functions throughout the 6-week experiment. That is, TAC'd ST3Gal4 -/-hearts developed eccentric cardiac hypertrophy as indicated by the significantly increased LVID and the rapid cardiac decompensation (severely reduced systolic function). On the other hand, TAC'd WT hearts presented with classical concentric hypertrophy manifested as significantly increased LV wall thickness, normal systolic function, and a stable LVID. The reduced calcineurin levels observed in younger ST3Gal4 -/-hearts may contribute to reduced myocardial contractile reserve and suggest that the responsible mechanism involves altered hypertrophic gene expression in myocytes rather than an extracellular matrix (ECM)-specific mechanism.
Extensive studies have demonstrated that activation of the calcineurin/NFAT pathway acts as one of the primary mechanisms inducing pathological cardiac hypertrophy in response to stimuli such as pressure overload and adrenergic agonist infusions (e.g., isoproterenol), while inhibition of this pathway prevents cardiac hypertrophy [10, 30, 44, 46] . For example, administration of the calcineurin inhibitors, cyclosporine A or FK506, reduced the hypertrophic response [10, 30, 43] . Cardiac-specific expression of non-competitive calcineurin inhibitory domains from Cabin-1or A-kinase anchoring protein 79 blocked calcineurin activity and attenuated cardiac hypertrophy [15, 30, 43] . In addition, calcineurin dominant negative mutant mice and CnAb -/-mice show reduced cardiac hypertrophy in response to pathologic stimuli such as pressure-overload, isoproterenol or angiotensin II infusion; overexpression of calcineurin recaptured the hypertrophic phenotype [11, 30, 43, 44, 70] . Further reductions in systolic function (contractility) following ischemia/ -/-(85.9 ± 1 mmHg; n = 12) and WT littermates (85.5 ± 1 mmHg; n = 7), p [ 0.05. b B-mode of the aortic view was imaged 7 days after TAC. Arrow TAC; AA ascending aorta, Rt. RBA right brachiocephalic artery, Lf. LCCA left common carotid artery, LSA. c Pulsed-wave Doppler was used to assess blood flow velocity across the TAC for calculation of AoPg 1 week after surgery reperfusion injury were observed in CnAb -/-mice [9] . Together, these and other examples strongly suggest that reduced calcineurin expression/activity prevents or limits the ability of the stressed heart to respond to (compensate for) pathologic stimuli through the hypertrophic pathway and can contribute to reduced systolic function.
Previous reports have also shown that reduced calcineurin expression can contribute to cardiac dysfunction resulting in cardiomyopathy, even in the absence of a prohypertrophic insult [9, 31, 52] . As one example, cardiac dysfunction and remodeling was enhanced in the MLP -/-/ CnAb -/-double knockout compared to the MLP -/-heart. Further, the MLP -/-heart was partially protected following mild overexpression of activated calcineurin [31] .
In summary, as discussed above and in a commentary by Wolska [67] , data strongly suggest that altered calcineurin levels adversely affect heart function, with increased expression/activity promoting a pathological hypertrophic response and reduced calcineurin expression/activity limiting the hypertrophic response and potentially leading to reduced contractile function that can contribute to cardiomyopathy. Our data here are consistent with the previous reports describing the impact of reduced calcineurin levels/activity on cardiac function. That is, in younger ST3Gal4
-/-mice, we observed significantly reduced basal cardiac calcineurin expression and significantly reduced hypertrophy in response to pressure overload that rapidly deteriorated into HF (Figs. 4, 6, 7 ; Table 2 ). Further, older ST3Gal4 -/-mice, in the absence of a pathologic stimulus, presented with late-onset mild DCM (Figs. 1, 2 ; Table 1 ).
Our data also suggested a link between partial reductions in cardiac protein sialylation and DCM. Previous studies described a correlation between altered glycosylation and aberrant cardiac function. For example, each of [45 CDG subtypes results in modest but variable (among subtypes) reduced glycoprotein glycosylation, with nearly all subtypes resulting in reduced sialylation and dramatic multi-system effects including cardiomyopathy with related arrhythmias and a high infant mortality rate [1, 14, 23, 27, 38] . We showed here and previously [18, 19, 45, 56 ] that a mild perturbation in the glycosylation pathway (e.g., gene deletion of ST3Gal4) resulting in a modest reduction in sialylation of only some glycoproteins, is sufficient to induce rather strong cardiac phenotypes.
In addition, altered glycosylation occurs with environmental/metabolic risk factors for DCM including smoking, 
ST3Gal4
-/-hearts had similarly increased ECL binding (compared to WT sham and TAC'd heart slices). Significant ECL staining was observed on cardiomyocyte sarcolemma and capillary endothelium, with little to no indication of intracellular staining, consistent with previous reports [6, 47] Basic Res Cardiol (2016) 111:57 Page 9 of 14 57
excessive drinking, and diabetes [36, 64] . Interestingly, non-congenital changes in glycosylation occur in humans with DCM and heart failure [2, 33, 69] , but whether altered glycosylation is pathogenic or subsequent to DCM onset has not been determined. Relevant examples showed mRNA levels for the galactotransferase, b4galT1 (acts to attach penultimate galactose to N-/O-glycans, required for the addition of the terminal sialic acids), a putative sialyltransferase, and the CMP sialic acid transporter, were lower in end-stage human DCM [2, 33, 69] . These studies, in agreement with the current work, suggest a correlation between congenital and non-congenital changes in sialylation and reduced cardiac function that may contribute to DCM and stress-induced HF. The data presented here combined with our previous efforts provide a possible mechanistic link among reduced sialylation, aberrant electrical signaling, reduced calcineurin levels, DCM, and stress-induced HF [18, 19] . That is, we previously showed that 12-to 20-week-old ST3Gal4 -/-mice showed aberrant voltage-gated ion channel sialylation and gating that contribute to a pro-arrhythmogenic phenotype. Here, we show that older 
-/-animals present with a mild late-onset DCM. Potential cellular mechanisms responsible for human congenital arrhythmic DCM as described by others (for e.g., see [5, 25, 26, 48, 54, 59] ) include: (1) disruption or weakening of cytoskeletal components or of interacting voltage-gated ion channel auxiliary proteins [25, 59] , and (2) altered Ca 2? homeostasis secondary to aberrant electrical signaling [5, 26, 48] . While we cannot definitively rule out involvement of cytoskeletal components, we see no evidence to support a mechanism that involves disruption of proteins interacting with voltage-gated ion channel alpha subunits, as no change in current densities of any cardiomyocyte voltage-gated ionic current was observed [18, 19] . Thus, aberrant Ca 2? homeostasis secondary to aberrant electrical signaling remains a potential mechanism; calcineurin activity might be affected by a sustained change in cytosolic Ca 2? levels through one of many possible mechanisms as described by others [5, 13, 26, 46, 48, 63] ; future studies will investigate the viability of such a mechanism.
We showed previously that reduced ST3Gal4 -/-cardiomyocyte Na V sialylation resulted in altered Na V gating and arrhythmic activities similar to that described for the MLP -/-mouse model for HF and for SCN5A mutations correlated to DCM in humans [19, 40-42, 48, 60, 65] . Using statistical in silico modeling, we recently verified that these sialic acid-dependent Na V gating changes directly contribute to arrhythmic activity [16] . In addition, we reported for ST3Gal4 -/-ventricular myocytes and hearts, reduced sialylation and gating of K V isoforms, reduced cellular and ventricular refractory periods, and AP/QT segment prolongations, all of which likely also contribute to the arrhythmic behavior that is similar to that described previously for these DCM-correlated human SCN5A mutations and the MLP -/-HF model [18, 19, 40-42, 48, 60, 65] . The exact mechanism(s) by which a variety of congenital changes (SCN5A mutations, MLP deletion, and now, ST3Gal4 deletion) that result in similar arrhythmic behavior and also contribute to DCM and/or HF is not yet known. Determining whether and how such sialo-dependent chronic arrhythmias contribute to DCM onset and stress-induced HF in this ST3Gal4 model will be the focus of future experimental and in silico studies.
Conclusions
In summary, the partial reduction of cardiac protein a2,3-sialylation is sufficient to cause a moderate DCM in older mice and chronic stress-induced HF in younger mice. This is the first study to report the cardiac phenotype occurring with reduced sialylation and specifically, in ST3Gal4 -/-mice under normal and stressed conditions. Further, aberrant cardiomyocyte electrical signaling and reduced calcineurin levels precede the onset of DCM and stressinduced HF, suggesting a potential novel mechanistic link among reduced sialylation, arrhythmias, regulation of calcineurin expression, DCM, and stress-induced HF. These findings not only further our understandings of the causes of and potential novel mechanisms for DCM and HF, but also provide potential therapeutic targets for disease treatment. 
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